Objective-Easy tool for newborn screening of Gaucher and Hurler diseases.
Introduction
Enzyme replacement therapies are now available for certain lysosomal storage diseases (LSD) [1] , fueling the development of rapid and inexpensive multiplex technologies for newborn screening (NBS) using a single dried blood spot (DBS) [2] . Current technologies for LSD screening include micro-titer plate fluorometry [3] [4] [5] , tandem mass spectrometry [6] , and immunoassays [7] .
We published a novel method for screening Pompe, Fabry [8] and Hunter diseases [9] from DBS using digital microfluidic fluorometry (DMF) with comparable results to standard micro-titer plate bench fluorometry (MTPF). Here, we present demonstration of assays for two additional LSDs: Gaucher (glucocerebrosidase (GBA) deficiency) and Hurler diseases (mucopolysaccharidosis type I, α-iduronidase (IDU) deficiency) [10] . We demonstrate performance of a digital microfluidic system for LSD NBS through a method comparison for GBA (EC 3.2.1.21) and IDU (EC 3.2.1.76) enzyme activities with "gold standard" micro-titer plate fluorometric assays performed at Duke University Biochemical Genetics Laboratory (BGL). The method comparison studies illustrate the potential of the DMF platform to screen for LSDs; a pilot study conducted using an early prototype of a digital microfluidic cartridge designed by Advanced Liquid Logic (ALL) for a tri-plex assay (Pompe, Fabry, and Gaucher) resulted in two confirmed cases of Gaucher from a total of 8,012 DBS samples [11] .
Methods
2.1 Micro-Titer Plate Fluorometric Enzyme Assay Protocols 2.1.1 Gaucher-The protocol to determine enzymatic activity for GBA using the MTPF method was originally developed by Chamoles et al. [3] and later modified [5] . Assays were performed on individual 3 mm punches from normal and affected DBS at Duke BGL essentially as described [5] . Briefly, the DBS was reconstituted in 200 µL extraction buffer for one hour at room temperature (see Supplemental Material Table 1 ). Then, 40 µL of DBS extract were added to 80 µL of substrate buffer containing 4-methylumbelliferyl β-Dglucopyranoside (4-MU-β-Gluc), both in the presence and absence of the β-glucosidase inhibitor conduritol B epoxide. Reactions were stopped by mixing with 100 µL stop buffer after incubation for 20 hours at 37 °C, and end point fluorescence was measured. Enzymatic activity was reported by subtracting inhibited activity from total enzymatic activity.
Hurler-
The MTPF method to determine enzymatic activity of IDU was developed by Chamoles et al. [4] . Assays were performed on individual 3 mm punches from normal and affected DBS at Duke BGL, in the presence of the β-glucuronidase inhibitor D-saccharic acid 1,4 lactone. Briefly, the DBS was reconstituted in 160 µL extraction buffer for 30 minutes at room temperature (Supplemental Material Table 1 ). After centrifugation at 5,000 rpm for 1 minute, 20 µL of DBS extract were added to 10 µL of substrate buffer containing 4-methylumbelliferyl α-L-iduronide (4-MU-α-IDU), mixed, and incubated for 20 hours at 37 °C. Stop buffer (100 µl) was added, and end point fluorescence was measured. Enzymatic activities for GBA and IDU were calculated and reported as pmol/punch/hour of incubation, which was converted to μmol/L of blood/hour of incubation by dividing with the volume of blood (3.1 μL) in one DBS punch.
Digital Microfluidic Enzyme Assay Protocol (Gaucher and Hurler)
In contrast to MTPF, the extract from a single 3 mm DBS punch was used to perform enzymatic assays for both GBA and IDU on the DMF platform. These punches were taken from the same DBS samples that were analyzed using MTPF. Although DMF assays were performed using essentially similar reagents to those used for MTPF, there were substantial differences in reagent composition and assay conditions (Supplemental Material Table 1) . DBS extracts were reconstituted in extraction buffer in standard deep-well 96-well plates and transferred to DMF cartridges using a multi-channel pipette. Hands-on time of less than 12 minutes to set up the DMF assay included time involved in punching and loading samples and reagents onto the cartridge. All subsequent fluid handling operations were automated on the cartridge.
The protocol to perform enzymatic analysis on the DMF cartridge was the same as previously described [8] [9] . Briefly, reagent droplets (~100 nL) were dispensed and merged with sample droplets (~100 nL) to form reaction droplets (~200 nL) that were incubated for 1 hour at 37 °C on a disposable digital microfluidic cartridge. After incubation, stop buffer droplets (~100 nL) were dispensed and merged with the reaction mixture. End point fluorescence was measured at 370 nm excitation and 460 nm emission; enzymatic activity was reported as µmoles of 4-methyl umbelliferone (4-MU) produced per liter of blood per hour of incubation using a 4-MU calibration curve generated on the same cartridge.
Results and Discussion
The comparison of assay results for Gaucher and Hurler diseases is summarized in Figure 1 , which illustrates plots of enzymatic activity using the MTPF method at Duke BGL and DMF method at ALL for GBA and IDU. The horizontal black line represents the median and error bars represent standard deviation. For IDU, the enzymatic activity for all presumed normal and affected samples matched well between the two methods despite differences in reagents and incubation times. For GBA, the median enzymatic activity value obtained by DMF was two times higher than that obtained by MTPF. The reason for this may be partly due to the lack of an inhibitor in the DMF method and differences in extraction buffer composition. Despite these differences, separation between the highest affected sample and the lowest normal was 0.5 µmol/L/h using MTPF and 1 µmol/L/h using DMF for GBA, while it was 5.2 µmol/L/h and 5.6 µmol/L/h for IDU using MTPF and DMF methods, respectively. For the DMF assay, we were able to utilize a single extraction buffer and a single stop buffer (Supplemental Material Table 1 ) in order to minimize the number of reagents required for multiplex analysis [9] .
Conclusions
We successfully demonstrated that enzymatic activity results for GBA and IDU obtained from a DMF assay were comparable to those obtained by a "gold standard" MTPF assay. These results, in conjunction with previous comparison studies for Pompe, Fabry, and Hunter diseases [8] [9] , provide evidence that digital microfluidic enzymatic assays are a viable method for multiplex screening of lysosomal storage diseases.
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Highlights
• Digital microfluidic enzymatic analysis of GBA and IDU comparable to microtiter plate fluorometry.
• Multiplex enzymatic assays are completed from a single dried blood spot punch.
• Digital microfluidics is suitable for newborn screening of Gaucher and Hurler diseases. Enzymatic activity comparison for GBA and IDU between micro-titer plate fluorometry (Duke BGL) and digital microfluidics (ALL) methods. The same set of normal (n=100) and affected (GBA: n=10; IDU: n=7) DBS samples were used in both methods. The horizontal black line in the middle represents the median while the error bars represent standard deviation.
